Background/Objectives-Sleep might influence brain health in older adults; however, epidemiologic research in this area is limited. We evaluated associations of sleep duration at midlife and later life, and change in sleep duration over time, with cognitive function in older women.
INTRODUCTION
Approximately 30% of U.S. adults have usual sleep durations outside of 7-8 hours/day-a percentage that increases with advancing age 1 . Yet, growing epidemiologic evidence suggests that shorter or longer sleep durations are associated with higher risks of cardiovascular disease 2 and type 2 diabetes 3 , both of which have been strongly linked to cognitive impairment and Alzheimer's disease 4 ; thus, there is increasing interest in examining the relation of sleep duration and cognitive function in older adults. In addition to indirect effects of sleep duration on cognitive health via vascular mechanisms, there might be a direct effect on the brain: experimental studies in mice have demonstrated that shorter sleep can cause accumulation of beta-amyloid in the brain 5 -a hallmark Alzheimer's disease pathology. Several epidemiologic studies have evaluated sleep duration and cognitive function in later life, with varying results [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] . However, most previous studies have been cross sectional, and no studies have investigated sleep duration in both midlife and later life. Thus, in the Nurses' Health Study, we evaluated sleep duration at both of these time points -and change in sleep duration between these two points-in relation to cognitive performance in later life.
METHODS
The Nurses' Health Study (NHS) began in 1976, when 121,701 female nurses, aged 30-55 years, returned a mailed questionnaire on health and lifestyle. Biennial questionnaires are used to update this information, and follow up is 90%. Women reported their sleeping habits in 1986 (i.e., midlife) and 2000 (i.e., later life); in 1995-2001, a telephone-based cognitive study was initiated for participants, aged ≥70 years old, with no stroke history. Among eligible women, 19 ,415 (92%) completed an initial cognitive assessment, which was repeated three times at two-year intervals (median time between the first and fourth interview=6.4 years); >90% of these women completed at least one follow-up assessment. The institutional review board of Brigham and Women's Hospital (Boston, Massachusetts) approved this study. Participants provided implied consent by returning the questionnaires, and oral consent for the cognitive study. Of 19, 415 women who completed the initial cognitive assessment, 1,825 were excluded because they had depression (potentially a strong confounding factor) prior to the initial cognitive assessment; another 2,103 nursing home residents were excluded because sleep duration might be influenced by an institutional environment. Of 15,487 remaining participants, 2,435 women did not report sleep duration in midlife, leaving 13,052 women for analyses of sleep duration in midlife and cognition; 224 women did not report sleep duration in later life, which left 15,263 women for analyses of sleep duration in later life and cognition. Key characteristics were similar among participants who were included in the analytic sample vs. excluded because they lacked sleep data (e.g., mean age=74.2 vs. 74.4 years, and mean body-mass index=25.6 vs. 26.1 kg/m 2 , respectively).
Population for analysis

Ascertainment of sleep duration
Women reported their usual hours of sleep in a 24-hour period on the 1986 and 2000 questionnaires; response categories were ≤5, 6, 7, 8, 9, 10 , and ≥11 hours. In a validation study, 260 NHS participants completed a sleep diary over six days; a single questionnairebased report of sleep duration correlated highly with sleep duration recorded in these diaries (ρ=0.79) 20 .
Ascertainment of cognitive function
We initially administered the Telephone Interview of Cognitive Status (TICS), a telephone version of the Mini-Mental State Examination (MMSE); these tests are highly correlated (ρ=0.97) 21 . After establishing high participation rates, we added five additional tests: East Boston Memory Test-immediate and delayed recalls, category fluency, delayed recall of the TICS 10-word list, and digit span backward [22] [23] [24] . In a validation study, our telephonebased cognitive battery performed well compared to detailed, one-hour, in-person interviews conducted by a neuropsychologist among 61 women aged ≥70 years (ρ=0.81 comparing the two assessment modes) 25 . Inter-interviewer reliability was high across ten interviewers each scoring the same cognitive interview (ρ>0.95 for each cognitive test).
Three primary outcomes were selected a priori: two measures of general cognition (a global score averaging all six cognitive tests, and the TICS score) and a verbal memory score, averaging the immediate and delayed recalls of the East Boston Memory Test and TICS 10word list. Verbal memory is the strongest predictor of Alzheimer's disease 26 . Because our cognitive tests are scaled differently, we used z-scores to create composite measures by calculating the difference between each participant's score and the mean score for our study population, divided by the population standard deviation; we then averaged relevant z-scores to calculate the global and verbal scores. Individual cognitive test scores were considered as secondary outcomes.
Statistical analysis
We employed two approaches to modeling our repeated measures of cognitive function. First, we evaluated sleep duration in midlife (measured in 1986, when women were 56-66 years old), sleep duration in later life (measured in 2000, when women were 70-80 years old), and change in sleep duration (between midlife and later life) in relation to "average" cognitive performance, which was calculated by averaging all four repeated cognitive assessments. Because these assessments were ascertained across a relatively short period (i.e., six years), this outcome provides the most statistically stable estimate of the women's overall cognitive status in later life. For these analyses, we used multivariable-adjusted linear regression to estimate mean differences in average cognition across categories of sleep duration (≤5, 6, 7, 8, and ≥9 hours/day); the reference category was 7 hours of sleep/ day. Second, we examined the associations of sleep duration and change in sleep duration with cognitive decline over six years of follow up. We found nonlinearity in cognitive trajectories due to "learning effects," primarily between the first and second interviews (i.e., there was an average increase in cognitive scores between the first and second assessments due to participants' familiarity with the tests, followed by an average decline in scores at the third and fourth interviews). Thus, we averaged test scores at the first and second cognitive assessments to obtain a "robust baseline" score (as described previously 27 ); this method yielded linear cognitive trajectories over time. We then utilized multivariable-adjusted mixed linear regression to estimate rates of cognitive decline across the same exposure categories described above. Specifically, we used repeated-measures modeling with random intercepts and slopes, which permits description of individual cognitive trajectories over time, and provides explicit tests of association between sleep duration and rates of cognitive decline. We calculated 95% confidence intervals (CI) for all effect estimates, and a quadratic term was used to test for inverted, U-shaped associations. The partial F test was used to evaluate the relative contribution of sleep duration in midlife vs. later life in predicting cognitive performance 28 .
We considered many possible confounding factors, including: age (in years), education (registered nursing degree, bachelor's degree, graduate degree), shift work history (never, 1-9, 10-19, ≥20 years), smoking status (never, past, current), alcohol intake (none, 1-14 grams/day, ≥15 grams/day), physical activity (in quintiles of metabolic-equivalent-hours/ week), body-mass index (BMI) (<22, 22-24, 25-29, ≥30 kg/m 2 ), history of high blood pressure (yes, no), SF-36 mental health score (dichotomized as: ≤52 points indicating poor mental health, >52 points indicating normal mental health), living alone (yes, no), and tranquilizer use (yes, no).
We conducted several secondary analyses. First, we stratified our analyses of change in sleep duration and cognitive function by midlife sleep duration to examine whether associations were strongest among women who initially reported "normal" sleep duration (i.e., 7 hours/day). Second, we excluded women who reported a history of shift work because shift work might have strongly influenced sleep duration, and perhaps cognitive function; therefore, shift work history might be a substantial confounding factor. Third, we conducted secondary analyses of sleep duration in later life and cognition excluding women in the bottom 10% of the cognitive score distribution. These analyses were intended to address concern about the cross-sectional nature of our analyses focused on sleep in later life; specifically, because individuals with greater cognitive impairments are more likely to have sleep disturbances, it is possible that any observed associations might reflect the influence of pathologic processes in the brain on sleep duration in these individuals (i.e., reverse causation). Therefore, we excluded women with the worst cognitive scores (i.e., bottom 10% of the score distribution) to evaluate whether associations remained after removing these women from the analyses.
Analyses were performed using SAS, version 6.0 (SAS Institute, Inc., Cary, NC). Table 1 shows participant characteristics in midlife across categories of sleep duration in midlife. We observed few meaningful differences in these characteristics; however, women with shorter and longer sleep durations had somewhat lower physical activity levels compared to women with 7 hours of sleep/day. Table 1 also shows participant characteristics in later life across categories of sleep duration in later life. We found few substantial differences, although women with shorter and longer sleep durations had higher body-mass index and lower physical activity levels compared to women who reported 7 hours of sleep/ day. Women with the shortest sleep durations were also more likely to live alone compared to other women in this study.
RESULTS
In general, models adjusted for age and education yielded similar results to models adjusted for multiple potential confounding factors. Here, we present results from fully adjusted models only.
When we examined the association of sleep duration in midlife with cognition, we observed an inverted U-shaped association for the global score and the TICS score (p-values for the quadratic terms were 0.002 and <0.001, respectively) ( Figure 1 ). For example, women reporting ≤5 hours of sleep/day had average global scores that were lower by 0.04 standard units compared to those with 7 hours of sleep/day (mean scores= −0.06 standard units [95% CI= −0.12, 0.00] vs. −0.02 standard units [95% CI= −0.06, 0.02]), whereas women with ≥9 hours of sleep had average scores that were 0.07 standard units lower than those sleeping 7 hours per day (mean scores= −0.09 standard units [95% CI= −0.15, −0.04] vs. −0.02 standard units [95% CI= −0.06, 0.02]). Associations were observed across all individual cognitive tests, except for those contributing to the verbal memory score. Similar associations, but slightly stronger, were found for sleep duration in older age and average cognition across all three primary outcomes (p-values for the quadratic term were <0.001 for the global, verbal, and TICS scores) ( Figure 2 . These associations were evident across all six of our cognitive tests. When sleep duration in midlife and later life were included in the same model, sleep duration in later life contributed significant information to the model (F 4,∞ =6.09 > 2.37, p<0.001) but sleep duration in midlife did not (F 4,∞ =1.33 < 2.37, p=0.3); thus, sleep duration in later life was more strongly associated with cognitive performance in later life than sleep duration in midlife. To help interpret differences between sleep duration groups, we find that each one year of age in our cohort is associated with a decrease of 0.05 standard units on the global score; thus, the observed mean score differences of 0.04 to 0.10 standard units comparing extreme categories of sleep duration to 7 hours of sleep/day were equivalent to 1 to 2 years of cognitive aging.
In the analysis of change in sleep duration (from middle to older age) and average cognition, we also observed an inverted U-shaped association for all three cognitive outcomes (pvalues for the quadratic terms were <0.001 for the global, verbal, and TICS scores) ( Figure  3 ). For example, the mean global score was lower by 0.06 standard units comparing women who reported changes in sleep duration that increased or decreased by ≥2 hours over time 
DISCUSSION
We found that, in women, shorter or longer sleep durations compared to normal sleep duration (i.e., 7 hours/day) in midlife and in later life were associated with worse average cognition in later life. However, sleep duration in later life was more strongly associated with cognition than sleep duration in midlife. Changes in sleep duration of ≥2 hours/day, between middle and older age, were also related to lower cognitive performance in later life. In general, we observed that having shorter or longer sleep durations was cognitively equivalent to aging by 1 to 2 years. No associations were observed for sleep duration or change in sleep duration in relation to rates of cognitive decline over time, which might be due to relatively short follow up; therefore, average cognitive function may be a better measure of cognitive status in this cohort.
To our knowledge, this is the first study to examine the association of sleep duration in both midlife and later life with cognitive performance in older adults. Our findings are consistent with some, but not all, epidemiologic studies where sleep duration and cognition have been measured in later life. Most studies have been modest in size and cross-sectional, and findings have been mixed but tend to suggest that shorter 7, 8, 19 or longer 10-12 sleep durations, or both [14] [15] [16] , are associated with worse cognitive function. To date, the largest of these studies is a cross-sectional investigation of 28,670 older Chinese persons that found shorter and longer sleep durations were associated with worse scores on a delayed word recall test (multivariable-adjusted p-trend<0.0001 across categories of sleep duration from 3-4 to 7 hours/day, and p-trend<0.0001 across categories of sleep duration from 7 to ≥10 hours/day) 16 . In contrast, one prospective study (n=1,664) was less clear, finding that short sleep durations were associated with a greater risk of cognitive impairment in men (OR=2.91, 95% CI=1.24, 6.82 comparing ≤5 vs. >5 to <9 hours of sleep/night), but long sleep durations were related to a higher risk of cognitive impairment in women (OR=2.10, 95% CI=1.10, 4.00 comparing ≥9 vs. >5 to <9 hours of sleep/night) 18 .
In addition, two previous studies have reported on change in sleep duration over time and cognition in older adults 13, 15 . In the German HeiDE study (n=409), participants whose sleep duration increased from 7-8 to >8 hours of sleep/night, over ten years, had higher odds of cognitive impairment at the end of follow up compared to those with no change in sleep duration 13 . The Whitehall study (n=1,457) found a similar association with cognitive function for individuals with increased sleep duration vs. no change in sleep duration over five years, although individuals with decreased sleep duration appeared to have worse cognitive function as well 15 . Both studies are consistent with our findings, in that, greater changes in sleep duration over time were related to worse cognition; thus, existing data on this association generally support our results, although evidence remains somewhat limited.
Several lines of evidence suggest biologic links between sleep duration and cognition. First, experimental studies involving mice have demonstrated that sleep deprivation can lead to increased accumulation of amyloid beta in the brain -a hallmark pathology of Alzheimer's disease 5 . These findings indicate that sleep duration may have direct effects on the brain, although human studies have shown that sleep deprivation also has adverse effects on cardio-metabolic factors (e.g., increasing blood pressure and insulin resistance) 29, 30 -and both cardiovascular and metabolic health have been associated with cognitive health in older adults 4 . Thus, there is the potential for direct and indirect effects of sleep duration to influence cognitive status in later life. Another possibility is that self-reported sleep duration might be a marker of sleep quality, as suggested by a study that found participants self reporting extreme sleep durations also had the most objectively-measured sleep fragmentation. This study reported that, although extreme sleep durations and greater sleep fragmentation were both associated with poor cognitive function in separate models, only sleep fragmentation remained significantly associated with cognition in models simultaneously adjusted for both variables. Thus, in the only large-scale, epidemiologic study that has evaluated these measures simultaneously, poor sleep quality appears to explain much of the association between subjective sleep duration and cognitive function 14 .
Moreover, a recent clinical study found that poor sleep quality is likely a contributing factor to cognitive impairment in later life 31 . Alternatively, extreme sleep durations and extreme changes in sleep duration over time could be markers of underlying circadian disruption, which have increasingly been related to cognitive decrements. For example, several studies have found that job-related circadian disruptions are associated with poorer short-term cognitive function [32] [33] [34] , and possibly structural brain atrophy 33 , and emerging investigations of objectively measured circadian rhythms have observed relations between disturbed rhythms and cognitive impairment in older adults [35] [36] [37] . These studies support the biologic plausibility of our findings, although we acknowledge the relationship between sleep duration and cognition is likely complex and may be bidirectional.
Several limitations of this study should be considered. First, this is an observational study, and therefore we cannot rule out the possibility that residual confounding explains the observed associations. We controlled for a wide variety of possible confounding factors, which did not change our effect estimates substantially, suggesting that residual confounding by measured factors is less likely to explain our findings; however, unmeasured factors related to health status could still explain our results. For example, we did not measure sleep-disordered breathing in this cohort, and this condition might influence both sleep duration and risk of cognitive impairment 38 . The prevalence of sleep-disordered breathing is relatively low among women, and even lower among younger women 39 , suggesting that lack of adjustment for this variable probably had a limited effect. This might have caused us to slightly underestimate associations of sleep duration and cognition, particularly those involving sleep duration in later life because sleep-disordered breathing is somewhat more prevalent in later life. Second, sleep duration was self reported by our participants, which probably led to some random misclassification. However, a previous validation study found that our participants self reported usual sleep duration well compared to sleep durations derived from sleep diaries 20 . In addition, several other studies in NHS have reported that sleep duration is associated with mortality 20 , coronary heart disease 40 , and type 2 diabetes 41 -providing reassurance that our measurement of sleep duration contains important information for predicting health outcomes in this cohort. Third, although our analyses of sleep duration in midlife and cognition were prospective (i.e., the exposure was measured prior to outcome assessment), the evaluation of sleep duration in later life and cognition could be subject to reverse causation bias, if underlying cognitive health influenced sleep duration in these older women. However, our results did not change when we excluded women with the worst cognitive scores in later life (i.e., women most likely to have underlying brain pathology that could affect sleep), indicating that reverse causation is not likely to be completely responsible for observed associations. Finally, the period over which we measured cognitive decline was relatively short (i.e., six years), and we observed no associations between sleep duration and cognitive decline over six years, which stands in contrast to the associations that we observed between sleep duration and average cognitive status in later life; thus, follow up may have been too short to capture the amount of decline necessary to detect significant associations. As noted above, average cognitive status may provide a better reflection of women's later-life cognition in this cohort.
In conclusion, we found that extreme sleep durations were associated with worse cognition in later life, including sleeping habits in midlife. More extreme changes in sleep duration from middle age to older age were related to worse cognitive function as well. If future research supports our findings, then clinical interventions based on sleep therapy should be examined for the prevention of cognitive impairment. Future research is necessary to better understand the mechanisms by which sleep duration might be associated with cognitive function, including measurement of objective sleep assessments among middle-and olderaged individuals. Means scores representing average cognition in later life across categories of sleep duration in midlife (reported in 1986) a a Estimates are adjusted for age (continuous), education (registered nurse, bachelor's degree, graduate degree), shift work history (never, 1-9, 10-19, ≥20 years), smoking status (never, past, current), alcohol intake (none 1-14 grams/day, ≥15 grams/day, missing), physical activity (in quintiles of MET-hours/week, missing), body-mass index (<22, 22-24, 25-29, ≥30 kg/m 2 ), history of high blood pressure (yes, no), mental health score on the SF-36 (poor, normal, missing), living alone (yes, no), and tranquilizer use (yes, no). b For each participant, the global score at each cognitive interview is calculated by averaging z-scores for each of the six tests in our cognitive battery. The mean global score representing average cognition in later life is further calculated by averaging global scores across repeated cognitive interviews for each participant. c For each participant, the verbal score at each cognitive interview is calculated by averaging z-scores for each of the four tests of verbal memory in our cognitive battery. The mean verbal score representing average cognition in later life is further calculated by averaging verbal scores across repeated cognitive interviews for each participant. d The mean TICS score representing average cognition in later life is calculated by averaging TICS scores across repeated cognitive interviews for each participant. Mean scores representing average cognition in later life across categories of sleep duration in later life (reported in 2000) a a Estimates are adjusted for age (continuous), education (registered nurse, bachelor's degree, graduate degree), shift work history (never, 1-9, 10-19, ≥20 years), smoking status (never, past, current), alcohol intake (none 1-14 grams/day, ≥15 grams/day, missing), physical activity (in quintiles of MET-hours/week, missing), body-mass index (<22, 22-24, 25-29, ≥30 kg/m 2 ), history of high blood pressure (yes, no), mental health score on the SF-36 (poor, normal, missing), living alone (yes, no), and tranquilizer use (yes, no). b For each participant, the global score at each cognitive interview is calculated by averaging z-scores for each of the six tests in our cognitive battery. The mean global score representing average cognition in later life is further calculated by averaging global scores across repeated cognitive interviews for each participant. c For each participant, the verbal score at each cognitive interview is calculated by averaging z-scores for each of the four tests of verbal memory in our cognitive battery. The mean verbal score representing average cognition in later life is further calculated by averaging verbal scores across repeated cognitive interviews for each participant. d The mean TICS score representing average cognition in later life is calculated by averaging TICS scores across repeated cognitive interviews for each participant. Mean scores representing average cognition in later life across categories of change in sleep duration from 1986 to 2000 a a Estimates are adjusted for age (continuous), education (registered nurse, bachelor's degree, graduate degree), sleep duration in middle age (obtained in 1986) (≤5, 6, 7, 8, ≥9 hours/day), shift work history (never, 1-9, 10-19, ≥20 years), smoking status (never, past, current), alcohol intake (none 1-14 grams/day, ≥15 grams/day, missing), physical activity (in quintiles of MET-hours/week, missing), body-mass index (<22, 22-24, 25-29, ≥30 kg/m 2 ), history of high blood pressure (yes, no), mental health score on the SF-36 (poor, normal, missing), living alone (yes, no), and tranquilizer use (yes, no). b For each participant, the global score at each cognitive interview is calculated by averaging z-scores for each of the six tests in our cognitive battery. The mean global score representing average cognition in later life is further calculated by averaging global scores across repeated cognitive interviews for each participant. c For each participant, the verbal score at each cognitive interview is calculated by averaging z-scores for each of the four tests of verbal memory in our cognitive battery. The mean verbal score representing average cognition in later life is further calculated by averaging verbal scores across repeated cognitive interviews for each participant. d The mean TICS score representing average cognition in later life is calculated by averaging TICS scores across repeated cognitive interviews for each participant. Table 1 Key characteristics of study participants across categories of sleep duration in both midlife and later life a 
